ABSTRACT. The purpose of this study was to determine the effects of caffeine on growing rats and how protein energy malnutrition can modify these potential effects. Caffeine (1,3,7-trimethylxanthine) is not only the most commonly consumed, neurally active stimulant in our daily lives, but it is widely used in the management of apnea in the premature neonate. One group of dams (20%) (n = 6) was begun on a 20% protein diet ad libitum. The second group (6%) (n = 4) was begun on a 6% protein diet. A third group (20% + C) (n = 4) was pair-fed to group 1 (20%) with the 20% protein diet, but beginning on day 3 the pups received 10 mg/kg body weight of caffeine via intragastric feeding needle every other day. The fourth group (6% + C) (n = 5) was pair-fed with group 2 (6%) with the 6% protein diet and the pups received 10 mg/kg of caffeine in the same manner as the 20% + C group from day 3. Although the 6% protein diet was associated with the expected reduced body and brain growth, there were no additional growth alterations associated with caffeine administration in either the 20% or 6% diet groups. This growth failure was accompanied by the expected reductions in total whole brain DNA, RNA, protein, and cholesterol content regardless of whether caffeine was received or not. Effects of caffeine which were similar in both diet groups included an increase in brain RNA content and concentration and an increase in the RNA/DNA ratio. However, there were differential effects of caffeine seen depending on diet group assignment. These included an increase in brain DNA content and concentration in the 6% protein group only. Furthermore the protein/DNA ratio, an index of mean cell size, was increased in the 20% plus caffeine group and decreased in the 6% plus caffeine group. The present data and our previous work with theophylline on brain development (22) indicate that methylxanthine administration produces differential effects depending on dietary intake. (Pediatr Res 19: 71-74,1985) Caffeine (1,3,7-trimethylxanthine) is not only the most commonly consumed, neurally active stimulant in our daily lives, but also is widely used in the management of apnea in the premature neonate (3). Doses of 10 mg/kg/day produce 15-20 Received March 19, 1984; accepted June 27, 1984. Correspondence may be sent to Griffith E. Quinby, Jr., Department of Physiology, LSU Medical Center, 1100 Florida Ave., New Orleans, LA 701 19.
(20%) with the 20% protein diet, but beginning on day 3 the pups received 10 mg/kg body weight of caffeine via intragastric feeding needle every other day. The fourth group (6% + C) (n = 5) was pair-fed with group 2 (6%) with the 6% protein diet and the pups received 10 mg/kg of caffeine in the same manner as the 20% + C group from day 3. Although the 6% protein diet was associated with the expected reduced body and brain growth, there were no additional growth alterations associated with caffeine administration in either the 20% or 6% diet groups. This growth failure was accompanied by the expected reductions in total whole brain DNA, RNA, protein, and cholesterol content regardless of whether caffeine was received or not. Effects of caffeine which were similar in both diet groups included an increase in brain RNA content and concentration and an increase in the RNA/DNA ratio. However, there were differential effects of caffeine seen depending on diet group assignment. These included an increase in brain DNA content and concentration in the 6% protein group only. Furthermore the protein/DNA ratio, an index of mean cell size, was increased in the 20% plus caffeine group and decreased in the 6% plus caffeine group. The present data and our previous work with theophylline on brain development (22) indicate that methylxanthine administration produces differential effects depending on dietary intake. (Pediatr Res 19: 71-74,1985) Caffeine (1,3,7-trimethylxanthine) is not only the most commonly consumed, neurally active stimulant in our daily lives, but also is widely used in the management of apnea in the premature neonate (3). Doses of 10 mg/kg/day produce [15] [16] [17] [18] [19] [20] ' Present address: Hacettepe University Medical Center Ankara, Turkey. S u p ported by a fellowship grant from the World Health Organization. mg/liter serum concentrations (3) . Cerebrospinal fluid levels of caffeine have been shown to be essentially equivalent to serum levels (25) . Presumably, caffeine exerts its antiapneic effect by direct stimulation of central respiratory activity (26) . In addition, caffeine stimulates smooth muscle, dilates systemic blood vessels, constricts cerebral blood vessels, alters glucose homeostasis and produces diuresis (1 1). Recently, we found (22) that a related xanthine derivative, theophylline (1,3-dimethylxanthine), added to the maternal diet affects not only the growth and development of the body and brain of the suckling newborn, but also the dietary and drug effects on brain tissues are closely related.
Many of the pathological conditions common in neonatal intensive care units (e.g. gastrointestinal anomalies or prolonged respiratory disorders) are associated with significant protein energy malnutrition. These infants often are given some form of methylxanthine therapy before achieving optimum nutrition. Some evidence suggests that protein energy malnutrition may alter organ sensitivity to drugs (8, 27) , and thus alter a drug's efficacy and its therapeutic index. Caffeine-induced growth retardation in neonatal rats can be prevented by hypercaloric sucrose supplementation (6) . This and our recent finding that the cellular responses to theophylline can be influenced by nutritional status led to the present study. We gave caffeine directly to the newborns rather than providing it in the maternal diet, since this approach more closely simulates the clinical situation. The purpose of this study was to determine the effects of caffeine on growing rats and how protein energy malnutrition can modify these potential effects.
MATERIALS AND METHODS
Nineteen timed pregnant rats, obtained from a commercial breeder (Holtzman Co., Madison, WI), were maintained on a 12-h light/dark cycle and fed laboratory chow and water ad libitum. At term, litters delivered within an 8-h period were combined and designated day 1; eight pups were randomly assigned to each dam. Because no nutritional differences can be attributed to the sex of the animal in early life (la), pup assignment was made without regard to the sex of pups. The dams were then randomly divided into four groups. One group (20%) (n = 6) was begun on a 20% protein diet ad libitum. The second group (6%) (n = 4) was begun on a 6% protein diet. The 20 and 6% protein diets were isoenergetic, with the energy differences made up by addition of dextrose and dextrin (Table 1) (18) . The source of protein was casein. A third group (20% + C) (n = 4.) was pair-fed to group 1 (20%) with the 20% protein diet, but beginning on day 3 the pups received 10 mg/kg body weight of caffeine (dissolved in 0.1 ml of physiological saline solution) via intragastric feeding needle every other day. The fourth group (6% +C) (n = 5) was pair-fed with group 2 (6%) with the 6% protein diet and the pups received 10 mg/kg of caffeine in the same manner as 20% + C group from day 3. The pups in groups 1 (20%) and 2 (6%) received 0.1 ml of physiological saline solution on the same days in a similar manner. Pups were weighed every other day; the dams' food intake was recorded daily.
On day 15, the pups were killed by decapitation. The brain was rapidly removed, weighed, and frozen at -20" C until analyzed. Whole brains were homogenized in 3 ml water in the cold with a Teflon pestle homogenizing apparatus (A. H. Thomas, Philadelphia, PA). An 0.5-ml aliquot was used to determine cholesterol content (4). Another 0.5-ml aliquot was diluted to a final volume of 5 ml and rehomogenized for DNA, RNA, and protein assays. DNA and RNA were determined by the method of Prasad et al. (21) and protein by the method of Lowry et al. (13) . We performed statistical analyses using multiple comparison analysis of variance (Student-Newman-Keuls) on an Apple I1 microcomputer (Apple Corp., Cupertino, CA), with p < 0.05 being considered significant.
RESULTS
There was no significant effect of caffeine on the growth rates of the 20 and 6% groups. The malnourished pups were significantly smaller than the normally nourished pups from day 5 to the completion of the study at day 15 ( No difference in brain weight was attributable to caffeine intake in the 20% + C and 6% + C groups (Table 3 ), but brains in the 20% group were significantly larger than the 6% group. Brain cell number, as estimated by total DNA per brain, was decreased significantly in the 6% group compared to the 20% group (Table 4 ). In the 6% protein groups, the total DNA content Table 2 . Puu ages in da was significantly increased in the animals receiving caffeine (6% + C). A small decrease was seen in normally nourished animals given caffeine compared to the noncaffeine group, but this decrease did not achieve statistical significance.
RNA per brain was significantly increased in the normally nourished groups compared to the malnourished groups (Table  4) . Caffeine also produced a significant increase in RNA in both caffeine-supplemented groups when compared to their comparably nourished controls (20% + C > 20%; 6% + C > 6%).
Expressed as mg RNA/g brain, significant differences were also seen in all above comparisons except 20% + C versus 6% + C.
Total protein per brain was significantly greater in the 20% group compared to the 6% group (Table 4) . Animals in the 20% + C group contained significantly more protein per brain and per gram of brain than the 20% group not given caffeine. This effect was seen, however, when 6% was compared to 6% + C.
Protein per gram of brain was similar in the 20% group com~jared to the 6% group.
Brain cholesterol per brain and per gram of brain weight was not different among comparably nourished groups given caffeine (Table 4 ). The 20% group contained more cholesterol than the 6% group.
DISCUSSION
In an earlier study of the effects of theophylline (22) on the brains of newborn rats, we found that the nutritional condition of the newborn plays an important role in determining the effects of theophylline. The present study examines another xanthine derivative, caffeine, which is also used in the treatment of apnea in the neonate. The similarity in the body weight of the pups in the present study between the caffeine and noncaffeine groups, of both the 20 and 6% protein groups, was quite unexpected. Previously, when caffeine (20 mg/kg) was given to lactating dams, the body weight of the suckling pups was decreased in the 20% protein group and increased in the 6% protein group (19) . If indirect caffeine intake by the pups during the lactating period is only 2% of the maternal caffeine intake, as reported (I), then theoretically the pups in the present study received much greater amounts of caffeine (10 mg/kg). It is conceivable that direct administration of a higher content of caffeine to the animals, 'once every 48 h, might exert a different effect on somatic growth in the newborns compared to the continuous intake of less caffeine through the dam's milk. It is also possible that when 
caffeine is administered to the lactating dam, changes in mothering behavior may occur which are different from that in nontreated dams. Drug concentration in milk may be altered by malnutrition or the milk volume may be affected by the methylxanthine in the malnourished dams. None of these presumptive maternal effects would have been present in this study, since caffeine was given directly to the pups.
Caffeine exerts an effect on DNA synthesis in vitro (20, 24) .
In the present study, when the DNA (cell number) values are expressed as DNA per brain, the malnourished groups given caffeine synthesized more DNA than the noncaffeine group, whereas there was no such difference in the normally nourished groups. Just how protein energy malnutrition intensifies caffeine's effects on brain cell number is not known. However, it is possible that, since infants metabolize caffeine more slowly than adults (2), malnutrition may have further prolonged its biological half-life. It is also well known that protein-deficient states may intensify a drug's effects by retarding metabolic degradation and clearance (1 2, 14) .
The total protein content was significantly greater in the 20%
+ C group compared to the noncaffeine group. Consistently greater values were also observed in the 6% + C than in 6% without caffeine, but these differences were not statistically significant. Previously, we found that when the 6% protein diet with caffeine (20 mg/kg) is fed to the dam, the total protein in the brain of the suckling pups is increased (16 these results may be due to the caffeine effect perhaps acting 8 through mechanisms not dissimilar to environmental stimulation as reported (5, 17) . The effects attributable to caffeine would be another example of a complicated drug-nutrient interaction.
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The average brain cell size (protein:DNA) calculated by the a . -standard method (7, 28) in 6% + C was smaller compared to G $ that of 6%, but cell size in the control group given caffeine was + s greater thaq the comparably nourished controls. This trend is $ $ the same as is seen with theophylline supplementation (22) . Thus, it seems that caffeine given to the growing pups affects the cell
size differently than brain cell number, depending upon the z nutritional status of the pups. This fact could be interpreted as was accompanied by expected cell size increases. Caution must be used in interpreting the average cell size per brain, which is measured by the protein:DNA ratio. The brain t of the young rat is growing at different rates in different areas.
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The ratio of RNA to DNA, an index of cellular activity, was E u not different between theophylline and nontheophylline groups
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e,e, in both control and malnourished pups (22) in previous studies.
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But in the present study, caffeine was administered by a different Growing human newborns are frequently exposed to caffeine through various medications (10) . Our current studies suggest that nutritional status of the newborn and, possibly, the route of administration are factors which may affect their brain development and their cellular response to exposure to caffeine. It is reported that the metabolic response to caffeine may be influenced by the route of administration of the individual substrate (23).
While interspecies extrapolations must be made with extreme caution, the growing amount of data from the animal model should lead the clinician to consider the nutritional status of the neonate when using methylxanthines.
The present data and our previous work with theophylline (22) indicate that methylxanthine administratioin the presence of a compromised nutritional status may exert long term effects on brain development. Further studies are needed to determine which areas of the brain are affected.
